Background: Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) has been shown to be a viable and effective treatment for patients suffering from refractory cardiogenic shock (rCS), which is associated with high mortality rates. Although ECMO therapy used as short-term mechanical circulatory support (MCS) has shown tremendous growth in its application over the past decade, the complication and mortality rates remain high. This retrospective study analyzes complications associated with VA-ECMO support, evaluates the use of defined protocols at a single center, and examines factors that may contribute to patient complication and mortality. Conclusions: A dedicated 24/7 ECMO service using a multidisciplinary team (MDT) and defined protocols in a single center is able to effectively reduce complications due to VA-ECMO support in the sickest of the sick VA-ECMO patients.
Introduction
Despite conventional therapies, refractory cardiogenic shock (rCS) continues to be a life-threatening condition with poor prognosis and unacceptably high complication and mortality rates. Left untreated, derangements within the circulatory system create a low cardiac output state and a resultant cascade of symptoms; systemic hypoperfusion, end organ failure, systemic inflammatory response, and eventually death (1) (2) (3) . Even with standard interventions, therapies, and medical management, 1-year mortality rates remain high at almost 50% (3) (4) (5) .
Although veno-arterial extracorporeal membrane oxygenation (VA-ECMO) therapy has seen a rapid increase in use worldwide, there is no overarching consensus for patient management once on device. An experienced © Annals of Cardiothoracic Surgery. All rights reserved.
Ann Cardiothorac Surg 2018 www.annalscts.com multidisciplinary team (MDT) is crucial when supporting a successful ECMO program. A risk/benefit analysis should be performed to help to establish guidelines for the appropriate application of VA-ECMO for rCS patients, as not all are the same, and shock states differ in severity and clinical appearance. Understanding the limitations and risks for the application of VA-ECMO is essential, as complication and mortality rates continue to be challenging for this acute therapy.
The underlying disease and duration of VA-ECMO support place already critically-ill patients at risk for developing subsequent serious complications (6) . Complications can be classified as either patient related or device related and typically fall under the following categories: (I) bleeding and coagulation; (II) vascular; (III) neurologic; (IV) lower extremity ischemia; (V) systemic inflammation and significant infection; (VI) hemodynamic complications and LV distention; (VII) cannulation complications; and (VIII) device malfunction/failure ( Table 1) .
The purpose of this study was to characterize the incidence and type of complications for patients undergoing VA-ECMO support and to evaluate effectiveness and impact of (I) clinical practice guidelines; and (II) the MDT for improved outcomes in this cohort of patients at a single center.
Methods
Data was collected for 184 adults receiving VA-ECMO at a single center between September 2014 and March 2018. A retrospective analysis was performed to assess complication rates, outcomes, and survival in this cohort. Baseline demographics, laboratory values, rCS etiology, VA-ECMO application characteristics and outcomes were analyzed. Freedom from death/mortality was described as patients still alive after the initiation of VA-ECMO support at time of discharge from the hospital. Primary complications were identified and quantified based on severity and incidence.
Statistical Analysis
IBM SPSS Statistics version 22 (IBM Corporation, Armonk, NY, USA) was used to compare and calculate statistical measures for the data. Descriptive statistics were used for categorical data and continuous data was summarized using median (range: minimum to maximum) and mean (± standard deviation) values. Where appropriate, complication rates are reported as events per patient day (EPPD). 
Results

Patient characteristics
During the study timeframe, there were 184 patients who received VA-ECMO for rCS ( Table 2) . Their age range was 15-84 (mean 55±15) years, with the majority being male (71%). The most common etiology of rCS was acute myocardial infarction (AMI), 21.7%, followed by 20.7% post-cardiotomy rCS. All patients were on a minimum of 2 inotropic agents at the time of VA-ECMO application and 89.6% were additionally on mechanical ventilation; 31.4% of those who required acute rCS support were on another type of temporary mechanical circulatory support (MCS) at time of ECMO initiation; 16% of the 184 patients required continuous renal replacement therapy (CRRT) for acute kidney injury; 46.7% of patients were transferred from an outside hospital to our ECMO Specialty Center already on VA-ECMO support ( Table 3) . In the 184 patients, bleeding (systemic, retroperitoneal hematoma, tamponade) occurred in n=41 (22.3%): cannularelated in 6.0% (n=11) and GI bleed in 7.6% (n=14). Device related complications (circuit, oxygenator) occurred in 16.8% (n=31, and 0.002 EPPD) of patients: oxygenator failure 3.3% (n=6), oxygenator clots 4.3% (n=8). Hemolysis was observed in 9.2% (n=17), and ECMO-related neurologic injury in 5.4% (n=10; 0.006 EPPD). Non-ECMO related neurologic injury occurred in 6.5% (n=12). Pulmonary edema/relevant LV distension in 4.9% (n=9), lower limb ischemia in 4.3% (n=8), HIT in 3.3% [n=6; LV/LA clot in 1.6% (n=3), and infection (cannula-related, sepsis, VAP in 49.5% (n=91)]. CRRT was necessary in 16.3% (n=30). A summary of all patient complications can be found in Table 4 .
Outcomes analysis
Overall survival was defined as survival to discharge from the hospital and was 39%. A total of 83 patients (45%) died from multisystem organ failure. The mean duration of ECMO support was 7.8±7.9 (0.5-53) days with a median of 6 days. Total patient days were 1,430. Among these, 95 (51.6%) patients were able to be weaned for recovery and 12 (6.5%) went on to receive a durable MCS device.
Discussion
Despite the ease and applicability of VA-ECMO in patients requiring temporary MCS for rCS, there continues to be significant complications associated with this advanced therapy (6) . Although several smaller studies and anecdotal reports have described ECMO complication rates, the exact rates and specifics are not well understood, mainly in part due to differences in practice, as well as addressing overall experience and competence of an ECMO team. It can be difficult to determine whether overall complication rates are related to the severity of the disease state inherent in patients requiring VA-ECMO, or whether it is related to the VA-ECMO therapy itself. Of the multiple potential complications typically associated with VA-ECMO, the most commonly occurring can be classified as either device related, or patient related (7) ( Table 1) . MDT rCS patients represent a high-acuity population, requiring complex and comprehensive care. Understandably, this cohort of patients would inevitably carry a high risk for complications. To address this concern, a MDT is ideal to continually manage the multiple needs of the acutely-ill; each member is able to offer their own individual expertise for the combined effort of complete, comprehensive care. The team may include an interventional cardiologist, a heart failure cardiologist, a cardiothoracic surgeon, an intensivist, an anesthesiologist, and advanced practice clinicians (including nurse practitioners and physician assistants, ICU nurses, and other clinical support staff) (1-3). The MDT is crucial in determining appropriateness of type and timing of interventions. MDT-based patient management requires a primary leader, who should be a qualified cardiovascular intensivist with training in heart failure, CT surgery or critical care. This individual's key roles include deciphering appropriateness of patient referral, triaging of patients based on acuity, rapidly assessing end-organ function based on laboratory and diagnostic testing, and determining proper device strategy for the clinical scenario of the patient (2,3). This study focused on the primary complications that VA-ECMO patients experienced through the course of support, and how the use of our own clinical practice guidelines and the oversight of a MDT were able to keep complication rates lower than reported incidence in a sicker cohort of patients ( Table 3 ). In this analysis we started to report some complication rates as EPPD, as many of the complications are time related. Assigning an incidence rate can be misleading, as not every patient will be at risk of developing an ECMO-related complication during the same amount of time. Thus, reporting complication rates as EPPD help to establish a denominator, which is the measure of time each patient spends at-risk and allows for equal comparison. To our knowledge, there is no other literature which has reported complications as EPPD.
It is essential to recognize the importance of the ECMO circuit and its impact on helping to minimize adverse events. In our institution, we utilize a new-generation ECMO circuit, consisting of a magnetically levitated, centrifugal pump combined with a low pressure-drop oxygenator using Carmeda-coated (Medtronic, Minneapolis, MN, USA) tubing without bridges or connectors, helping to limit the formation of clots and minimize shear stress. Shorter circuits reduce the amount of biological contact between an artificial material and blood, thus the degree of inflammation is lessened. Newer ECMO technology allows for easier patient transport and bedside, ICU nursing oversight without the need for a 24/7 perfusionist (8).
VA-ECMO survival
The Extracorporeal Life Support Organization (ESLO) Registry is a comprehensive database collecting data on multiple aspects of ECMO therapy, including 46 different ECMO complications in adult and pediatric patients. The most recent report describes overall ECMO use, with the number of centers utilizing ECMO increasing. Adults receiving ECMO for cardiac support from 1989-2015 show 41% survival to hospital discharge, with survival only increasing to 42% in the year 2015 (9) . In our analysis, we report a 39% survival to hospital discharge, which includes patients where VA-ECMO was applied during or immediately after in-house cardiac arrest, and those who were transferred from an outside hospital where VA-ECMO was initiated.
Bleeding, thromboembolic and coagulation complications
As in all types of MCS, there is a delicate balance between bleeding and clotting. The challenge remains how to best maintain this balance in an already acutely-ill patient with clotting derangements and systemic anticoagulation requirements. Bleeding can occur both systemically or locally, particularly at the site of peripheral cannulation, if used. Although considered non-life-threatening, it can be a nuisance, requiring frequent dressing changes and blood product administration if copious. Systemic bleeding, such as in the GI tract, intrapericardial, retroperitoneal and intracranial, can have serious consequences, being difficult to manage in the setting of an already-compromised patient. The use of a Bleeding Practice Guideline (supplementary) at our institution has helped to standardize the treatment(s) utilized based on the etiology and location of bleeding. It also addresses scenarios with low pump flows and severe bleeding issues.
The physiology of coagulopathy is complex, multifactorial and impacted by systemic anticoagulation, loss of coagulation factors, thrombocytopenia, and hemolysis (see Figures 1 and 2 : pump replaced due to catastrophic clotting). Other disorders such as heparin induced thrombocytopenia (HIT) and acquired von Willebrand syndrome (AvWS) may occur (10) . Multiple studies have shown that patients treated © Annals of Cardiothoracic Surgery. All rights reserved.
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There is a dearth of standardized coagulation approaches and monitoring methods for VA-ECMO-supported patients. The most commonly used systemic anticoagulation agent is unfractionated heparin. Direct thrombin inhibitors have been used but to a much lesser extent. Antiplatelet agents such as aspirin and dipyridamole are not commonly used. Anticoagulation monitoring varies at sites and includes ACT, aPTT, and anti-Xa levels. Thromboelastogram (TEG) is sometimes used to evaluate platelet function, however, not all centers routinely use this test (8, 14, 15) .
Vascular complications and lower extremity ischemia
With peripheral, percutaneous femoral arterial cannulation, vascular complications can be a risk, and lower extremity ischemia represents one of the more serious complications, with reported occurrence rates of 10-70% in adult VA-ECMO patients. Large-bore cannulas are inserted in the common femoral artery and can compromise blood flow to the lower extremity in a limb that is already most likely hypoperfused (16) . This impeded circulation can cause lower limb ischemia and compartment syndrome, and if left untreated, can ultimately lead to amputation. Patients with smaller femoral vessels, and those requiring highdose vasopressors are at risk for compromised circulation. Careful oversight should be given to the insertion of the cannula with confirmation of placement by contrast X-ray of the extremity, to ensure that the cannula tip does not reside in the profunda (16, 17) . Imaging also confirms that the cannula is not malpositioned. In our VA-ECMO population, bedside cannulation was performed in >85% patients without bedside imaging.
Some centers have reported experience with the effective use of a noninvasive somatic oximeter (INVOS™ Cerebral/ Somatic Oximetry Adult Sensors, Medtronic, Minneapolis, MN, USA) to monitor the amount of oxygenated blood circulating to the lower extremities. This technology can help to identify changes in peripheral circulation, allowing for immediate intervention. Another measure to reduce limb ischemia is the use of an antegrade perfusion catheter when percutaneously cannulating for VA-ECMO. The placement of a distal perfusion catheter is performed on the ipsilateral superficial femoral artery with either a 5 or 7 French catheter depending on the patient's size. Arterial blood flow is then accomplished by connecting the distal perfusion catheter to the side port of the femoral artery cannula via stopcock (18) (19) (20) . At our center, attempts are made to place a distal perfusion catheter in all VA-ECMO patients. Some centers will initiate VA-ECMO via cannulation of the subclavian or axillary artery to reduce the risk of lower limb ischemia, however, this application has its own set of inherent risks, including upper extremity edema and inability to flow at higher rates.
Neurologic complications
Neurologic injury represents a major complication during VA-ECMO therapy, often with devastating outcomes. Complications include cerebrovascular accidents (CVAs), including ischemic or hemorrhagic stroke, seizure, infarction, and brain death. Cerebral bleeding, thrombus, or air emboli can contribute to the development of a CVA and should be managed proactively to minimize its devastating impact.
Cerebral hypoperfusion or ischemia can occur as a consequence of desaturated blood within the aorta caused by mixing of oxygenated and deoxygenated blood, or watershed. This phenomenon, known as 'Harlequin's syndrome', is characterized by upper body, myocardial and cerebral ischemia. Mechanical ventilation should be maximized to ensure optimal oxygen levels and positive end-expiratory pressure (PEEP). Monitoring pulse oximetry and arterial blood gases via the right radial artery allows for ongoing evaluation of cerebral oxygenation (21-23).
Infection and significant inflammation
Infection is one of the most common complications of VA-ECMO and occurs either systemically or locally (i.e., at the cannula insertion site). Reports have documented infection rates as high as 15-20%, however, infection must be quantified based on etiology and timing. Higher yet, are the rates of nosocomial infections, with published incidence rates ranging from 8-64%. These account for blood stream or peripherally-inserted cannula infections, and ventilator associated pneumonia (VAP) (24) (25) (26) (27) . It is understandable that critically-ill patients with multiple invasive lines, ongoing mechanical ventilation, VA-ECMO circuit exposure to blood, and higher length of ICU stay, are at higher risk for developing an infection. Some published strategies to help with early identification of impending nosocomial infections have incorporated (I) the routine use of surveillance cultures to help with early diagnosis; and (II) empiric antibiotic use, however, the risk for developing multi-drug resistant organisms and length and duration of antibiotics, must be considered prior to initiating antibiotic prophylaxis.
Studies have shown that the most common bloodstream pathogens identified in VA-ECMO-supported patients are Staphylococcus aureus and other staphylococcus organisms, accounting for up to 38% of all bacteremia cases (24) (25) (26) . Just as in non-ECMO patients, VAP is a risk for patients supported on mechanical ventilation. Patients on VA-ECMO are at risk for developing VAP, due to prolonged mechanical ventilation and lengthy immobility periods (27) . Candida has been cited as one of the primary causes of pneumonia and blood stream infections, associated with a 47% mortality rate (24, 25) . Also of note, up to 15% of blood stream infections in VA-ECMO patients are caused by fungal infections, with candida and aspergillus identified as primary culprit organisms, however, these rates tend to be similar to those of a non-ECMO supported, criticallyill patient residing in the ICU (28) . The risk of sepsis progressing to multisystem organ failure is a major concern, which justifies the present clinical practice for early initiation of antibiotic therapy.
Hemodynamic and LV dilation complications
One of the biggest concerns with VA-ECMO therapy is the effect of retrograde flow in the aorta towards the LV. In some patients, this phenomenon causes increased LV afterload and ultimately, worsening LV function. Eventually, the LV dilates, myocardial blood flow decreases, left atrial (LA) pressures rise, and pulmonary edema ensues. LV distention has not been well documented or reported, primarily due to a lack of a consensus definition. Depressed LV contractility combined with increased LV afterload causes atrioventricular valve (AV) opening impairment, which could cause blood stagnation, increasing the risk for developing thrombus, and ultimately, CVA or AMI. Monitoring and achieving clinically acceptable LV unloading in VA-ECMO patients is essential.
The use of a hemodynamic catheter is crucial when evaluating volume status and filling pressures, with the overall goal of reducing volume overload, which can sometimes be achieved non-invasively, using vasodilator or inotropic agents, high-dose diuretics or hemofiltration. Large diameter ECMO cannulas should be considered if placing peripherally, however, this can be self-limiting for this type of approach, and central cannulation may be a better option if needed. If conservative methods are not sufficient, other methods to assist with decreasing blood volume should be considered, including the placement of an LV or LA venting catheter, atrial septostomy, trans-aortic catheter venting, venting via pulmonary artery drainage, and indirect LV venting via IABP, © Annals of Cardiothoracic Surgery. All rights reserved.
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Cannulation-related complications
Cannulation-related complications present a challenge when managing patients supported on VA-ECMO, with reported incidence rates up to 30%. Complications can vary depending on the cannulation approach used, with bleeding occurring most frequently, in femoral, central, and axillary techniques. Pseudoaneurysm has also been reported, primarily after removal of femoral peripheral cannulas (7) . This may necessitate the need for surgical repair if extensive. Limb ischemia and vascular complications also comprise a substantial number of cannula-related complications in this patient cohort. As mentioned above, measures to help to mitigate these types of complications include the use of a distal perfusion catheter, close monitoring of systemic anticoagulation, and careful selection of catheter size with assurance of securement of the cannula to prevent movement and migration. Hypoperfusion to the extremity could require fasciotomy or amputation, if left untreated. Interestingly, multiple studies have shown that patients who experienced a cannula-related complication showed no increase in mortality and were able to be successfully discharged (32) .
VA-ECMO therapy continues to have concerning mortality rates. Mortality prediction models have been developed to help predict the risk of mortality in these acutely ill patients. The SAVE, ENCOURAGE, and SOFA scores have been used to predict overall patient survival and prognosis in those being supported with VA-ECMO. More contemporary scores have been developed to help to define disease severity and mortality risks such as the Simple Score, the EuroSCORE, and the CardShock Risk Score (33, 34) .
Limitations
This is a retrospective analysis at a single center. Due to ethical concerns, there was no randomized prospective study and no control group other than the literature or ELSO data for complication comparisons. Medical approaches and modalities implemented prior to VA-ECMO initiation were not evaluated (e.g., timing of inotrope and vasopressor initiation and dosing, use of intravenous steroids, methylene blue, and use of short-term MCS). There was no outpatient follow-up with standardized evaluation of mental and/or physical status.
Conclusions
Complication and mortality rates remain a concern for the use and application of VA-ECMO for rCS patients. Future studies evaluating the use of best-practice guidelines, an experienced MDT and the impact they have on complication and mortality rates are necessary to further the field of short-term MCS and improve overall patient outcomes.
